Mouse bone marrow-derived cells implanted into freeze-injured bladder walls form smooth muscle layers, but not in intact walls. We determined if the microenvironment within injured urinary bladders was supportive of smooth muscle layer development. The urinary bladders of female nude mice were freeze-injured for 30 s. Three days later, the rate of blood flow in the wounded areas and in comparable areas of intact control urinary bladders was observed by charge-coupled device (CCD) video microscopy. Injured and control bladder walls were also analyzed histologically and cytologically. Growth factor mRNA expression was determined by real-time reverse transcription polymerase chain reaction arrays. The injured regions maintained a partial microcirculation in which blood flow velocity was significantly less than in controls. The injured bladder walls had few typical smooth muscle layers, and blood vessels in the walls had reduced smooth muscle content. The loss of smooth muscle cells in the bladder walls may have resulted in the formation of large porous spaces seen by scanning electron microscopy of the injured areas. The expression of nineteen growth-related mRNAs, including secreted phosphoprotein 1, inhibin b-A, glial cell line-derived neurotrophic factor, and transforming growth factor b1, were significantly upregulated in the injured urinary bladders. In conclusion, the microenvironment in freeze-injured urinary bladders enables successful tissue engineering.
Introduction

R
egenerative medicine offers great hope for the recovery of lost tissue and organ functions.
1,2 Bone marrow-derived cells with the potential for proliferation and differentiation have been vigorously investigated for such usage. 3, 4 Before clinical applications of these cells is possible, researchers and clinicians must overcome several problems including improved survival rate for the implanted cells, differentiation into the target cell type, and structural support that enables the reconstruction of the recipient tissues. [5] [6] [7] [8] To overcome the problems, the utilization of scaffolds, 9, 10 growth factors, 11 and combinations of these materials 12, 13 has been investigated. The survival, differentiation, and reorganization of the implanted cells are affected by the microenvironment within the recipient tissues [14] [15] [16] [17] ; however, our understanding of these microenvironmental variables is currently insufficient to provide for clinically effective and reliable resources for regenerative medicine.
We previously showed that freeze-injury of the mouse urinary bladder resulted in localized destruction of the smooth muscle cells and layered organization. 18 We also showed that mouse bone marrow-derived cells implanted into freeze-injured bladder walls differentiated into smooth muscle cells. These cells became organized into layered structures that were associated with the recovery of contractions in these urinary bladders. In contrast, bone marrow-derived cells implanted into intact bladder walls did not exhibit these behaviors. We hypothesized that the microenvironment within the injured urinary bladders was suitable to the development of functional smooth muscle layers and that these conditions were not present in the intact tissues. In this study, we have investigated the microenvironment of the injured urinary bladders by focusing on the microcirculation, layered smooth muscle structures, and growth factor mRNA expressions.
Materials and Methods
Animals
BALB=C nu=nu female nude mice ( Japan SLC, Shizuoka, Japan) at postnatal week 5 were used for the experiments. Animals were treated in accordance with National Institutes of Health Animal Care Guidelines and the guidelines approved by the Animal Ethics Committee of Shinshu University School of Medicine.
Freeze-injury of urinary bladders
Eighteen female nude mice were randomly separated into control intact urinary bladder (n ¼ 9) and freeze-injured urinary bladder (n ¼ 9) groups. The animals were anesthetized with a pentobarbital sodium solution (0.05 mg=g body weight), and their urinary bladders were exposed through an abdominal midline incision. The posterior bladder walls were freeze-injured by application for 30 s of the 10Â3 mm end of an iron bar chilled by dry ice. The freezing caused a temporary cessation of blood flow to the area. After we confirmed that the frozen area was thawed and the blood flow recovered, the urinary bladders were returned to the pelvic cavity. The control urinary bladders were similarly exposed, and then were returned to the pelvic cavity without further manipulation. For the next 3 days, all of the animals were maintained under a 12-h alternating light-dark cycle with freely available food and water. Three days after the operations, the urinary bladders were again exposed as described above to observe and calculate blood flow velocity by video microscopy (see below). After video microscopy, the urinary bladders were removed and separated into groups for histological and cytological analysis (n ¼ 6) and real-time reverse transcription polymerase chain reaction (RT-PCR) arrays (n ¼ 3).
Calculation of blood flow velocity within intact and freeze-injured urinary bladders
Calculation of blood flow velocity within capillaries in the control intact or wounded areas on the bladder walls was conducted as previously detailed. 19 Three days after operation, the intact or wounded areas (n ¼ 9 in each group) were viewed by pencil lens charge-coupled device (CCD) video microscopy and recorded on a digital videocassette recorder. Consecutive images of red blood cells flowing within six venous blood capillaries were collected at a rate 60 frame=s for 20 min. Using freeze-frame mode, a line segment was set along each capillary bed in consecutive images to construct a spatiotemporal image using the line-shift method. 19 The blood flow velocity was calculated based upon the movement of red blood cells in the spatiotemporal images. 19 
Immunohistochemistry
The intact and freeze-injured urinary bladders (n ¼ 3 in each group) were removed and rinsed with 20 mM phosphate buffered saline (PBS; pH 7.4) at 48C. They were fixed in 4% paraformaldehyde and 4% sucrose in 0.1 M phosphate buffer (pH 7.4) for 12 h at 48C, and then embedded in paraffin. Each sample was cut into 5-mm-thick serial sections. The sections were deparaffinized, rehydrated, rinsed three times with PBS, and immersed in 10 mM sodium citrate (pH 6.0). For antigen retrieval, they were then microwaved at 1008C for 5 min. The specimens were coated with 1.5% normal donkey serum (Chemicon International, Temecula, CA) and 1.5% nonfat milk in PBS for 1 h at 48C. They were then incubated for 12 h at 48C with a smooth muscle actin antibody (anti-SMA, ASM-1, 1:100, mouse monoclonal; Progen Biotechnik GmbH, Heidelberg, Germany) and uroplakin III antibody (M-17, 1:100, goat polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA), a marker for urothelium. The sections were rinsed with PBS at 48C, and then incubated with secondary antibody consisting of donkey anti-mouse IgG conjugated with Alexa fluor 488 and donkey anti-goat IgG conjugated with Alexa fluor 594 (1:250; Molecular Probes, Eugene, OR) for 1 h at 48C. Subsequently after rinsing, the sections were counterstained with 4 0 , 6-diamidino-2-phenylindole dihydrochloride (5 mg= mL; Molecular Probes), and then coated with Fluorescent Mounting Medium (Dako Cytomation, Carpinteria, CA). The slides were observed and photographed with a Leica DAS Microscopethe (Leica Microsystems GmbH, Wetzlar, Germany). Other sections from each sample were stained with hematoxylin and eosin or by the ApopTag While the freeze-injured areas maintained partial microcirculation, blood capillaries were not as apparent compared to the controls. The values were calculated from six blood capillaries in each animal. a p < 0.05, compared to the intact regions (n ¼ 9 in each group).
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Electron microscopy
The intact and injured urinary bladders (n ¼ 3 in each group) were fixed overnight in 2.5% glutaraldehyde in 45 mM cacodylate buffer (pH 7.2). The fixed specimens were trimmed, and separated for scanning electron microscopy (SEM) and transmission electron microscopy (TEM). For SEM, the glutaraldehyde-fixed specimens were washed with PBS, and postfixed for 60 min by 1% osmium tetroxide in 0.1 M sodium cacodylate buffer, pH 7.2 at 48C. After dehydrating in a graded series of ethanol, the specimens were rinsed in tertiary butyl alcohol. The specimens were freeze-dried, mounted on sample-holders, and coated by osmium. These samples were observed with a JEOL JSM-6000 SEM ( JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV. For TEM, the remaining glutaraldehyde-fixed specimens were washed three times in 180 mM sucrose in 80 mM cacodylate buffer at 48C for 3 h, and then postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 60 min at 48C. The specimens were dehydrated in a graded series of ethanol and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate. These samples were observed with a JEOL JEM-1200 TEM ( JEOL) at an accelerating voltage of 80 kV.
Real-time RT-PCR array
The mRNA expression levels of 84 growth factors in the intact and freeze-injured urinary bladders (n ¼ 3 in each group) were estimated by real-time RT-PCR arrays. Total RNA was extracted from intact and injured whole urinary bladders with the RNeasy Mini Kit (Qiagen, Valencia, CA). Single-strand complementary DNA (cDNA) was synthesized from 1.0 mg of the total RNA with the RT 2 First Strand Kit (SuperArray Bioscience, Frederick, MD). The synthesized cDNA was added into plates of the RT 2 ProfilerÔ PCR Array (Mouse Growth Factor PCR Array, SuperArray) preloaded with 84 growth factor primers and the following five internal standard genes: b-glucuronidase (Gusb), hypoxanthine guanine phosphoribosyly transferase 1 (Hprt1), heat shock protein 90 kDa a (Hsp90ab1), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and b-actin (Actb). After an initial denaturation at 958C for 10 min, the samples underwent 40 cycles of denaturation at 958C for 15 s followed by annealing and extension and 608C for 1 min in a two-step cycler with a 7000 Sequence Detector (Applied Biosystems, Foster City, CA). The mRNA expression levels of the 84 growth factors were calculated as ratios to the preloaded internal standard genes. The expression change for each gene in freeze-injured bladders compared to control intact bladders was calculated.
Statistical analysis
Results were expressed as means AE standard error of the means. We used Excel Ò statistical program (Esumi, Tokyo, Japan) to determine statistical differences by unpaired t-tests. Differences with p < 0.05 were considered significant.
Results
Blood flow velocity within freeze-injured regions
Placement of the chilled iron bar caused the application site on the bladder walls to freeze. Within 10 s after removal of the bar, the frozen spot thawed due to body and=or room heat and appeared to the naked eye similar to the intact control bladder walls. However, when we monitored blood flow within the blood capillaries of the frozen area with CCD video microscopy, the blood flow paused for approximately 20 min after the operation, and then it resumed.
At 3 days after the freeze-injury operation, the wounded areas, which occupied approximately one-third of each urinary bladder, were readily identified. When observed by CCD video microscopy, blood capillaries in the control regions of the intact bladder walls had a robust flow of blood red cells (Fig. 1A) with a velocity of 0.26 AE 0.03 mm=s (Table 1) . In contrast, while maintaining a partial microcirculation, blood capillaries within the injured regions of the wounded bladder walls were not as abundant compared to controls (Fig. 1B) . Further, the blood flow velocity of the injured regions was 0.12 AE 0.11 mm=s ( p < 0.05, Table 1 ).
Smooth muscle layers within freeze-injured regions
At 3 days after the freeze-injury operation, the undamaged region within the injured urinary bladders had abundant smooth muscle cells organized into layers (Fig. 2A, B ) similar to that of the uninjured control urinary bladders (Fig. 2C) . However, the wounded site adjacent to the undamaged region had diminished smooth muscle layers ( Fig. 2A, B) . The control regions from the intact bladder walls had numerous SMA-positive smooth muscle cells that were organized into thick smooth muscle layers (Fig. 2C) . In these regions, the walls of the blood vessels contained many SMA-positive smooth muscle cells (Fig. 2D) . In contrast, the injured regions had few SMA-positive smooth muscle cells (Fig. 2E) . The smooth muscle layers of the injured regions were more disorganized and thinner than those of the control regions. The blood vessels within the injured regions also had few SMA-positive cells, and they appeared to be more fragile than those of the controls (Fig. 2F) .
By SEM, the control regions of the intact bladder walls had smooth muscle cells organized into layers that were readily apparent (Fig. 3A) . These layers did not contain any porous spaces that were over 10 mm in diameter (Fig. 3B) . In contrast, the injured regions had few typical structures composed of smooth muscle cells (Fig. 3C) . Additionally, there were many large porous spaces present that were over 10 mm in diameter (Fig. 3D) .
By TEM, the control regions of the intact bladder walls contained spindle-shaped smooth muscle cells with readily apparent nuclei (Fig. 4A) . These cells were arranged in sheets and connected with each other by gap junctions. In contrast, smooth muscle cells in the injured regions were shrunken, and exhibited blebbing (Fig. 4B) . The chromatin was condensed and nuclear fragmentation was apparent. Further, gap junctions were rarely present between the remaining cells of the smooth muscle layers. Apoptotic cells induced by caspase-dependent or caspase-independent pathway were not found within the control regions of the intact bladder walls (Fig. 5A) . However, these cells were present within the injured regions (Fig. 5B) . These findings indicated that the injured smooth muscle cells were declining in numbers due to apoptosis.
Expression of growth factor mRNAs in freeze-injured urinary bladders
Of the 84 growth factor mRNAs detectable by the PCR array, 19 growth factor mRNAs in the injured urinary bladders showed at least a twofold increase over the control urinary bladders (Table 2 ). For interleukins 6 (IL-6), 11 (IL-11), 1a (IL-1A), 1b (IL-1B), and 18 (IL-18), the increases in mRNA expression ranged from 2.5-to 166-fold. For growth factors associated with angiogenesis, epiregulin (EREG), chemokine (C-X-C motif) ligand 1 (CXCL1), teratocarcinoma-derived growth factor (TDGF1), fibroblast growth factor 5 (FGF5), C-fos-induced growth factor (FIGF), and vascular endothe-
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lial growth factor A (VEGFA), the increases in mRNA expression ranged from 2.3-to 16-fold. For mRNAs associated with wound healing, trefoil factor 1 (TFF1), colony stimulating factor 3 (CSF3), hepatocyte growth factor (HGF), and bone morphogenetic protein 1 (BMP1), the increases ranged from 2-to 12.6-fold. For growth factors that play roles in the differentiation of smooth muscle cells, secreted phosphoprotein 1 (SPP1), inhibin b-A (INHBA), glial cell line-derived neurotrophic factor (GDNF), and transforming growth factor b1 (TGFB1), the increases above controls ranged from 2.9-to 998-fold.
Discussion
The microenvironment within the damaged recipient tissues affects regeneration of functional tissues. [14] [15] [16] [17] In our previous study, we freeze-injured urinary bladders with the same methods used in the present study, and 3 days later we implanted bone marrow-derived cells into the injured bladder walls. 18 Fourteen days after implantation, the injured regions had distinct smooth muscle layers composed of smooth muscle cells that had differentiated from the bone marrowderived cells. 18 In contrast, injured regions injected with cellfree control solution did not form layered structures. Thus, the bone marrow-derived cells survived and differentiated into smooth muscle cells in the freeze-injured bladder walls. However, the bone marrow-derived cells implanted into intact bladder walls did not survive. 18 We hypothesized that at 3 days after freeze-injury, the bladders had an appropriate microenvironment that was crucial for the survival and differentiation of the implanted bone marrow-derived cells, which then regenerated the smooth muscle layers. In the current tissue engineering study, we investigated changes in the microenvironment that were associated with the development of layered smooth muscle structures and expression of growth factor mRNAs.
Immediately after freeze-injury, the thawed urinary bladders appeared, to the naked eye, similar to the intact ones. However, blood flow within the blood capillaries in the wound areas paused for approximately 20 min and then recovered. Therefore, we suggest that our freeze-injured urinary bladders might experience a period of ischemia followed by reperfusion as described by one of the microcirculation dysfunction models. 19 At 3 days after, within the control intact regions in the uninjured urinary bladders, the blood vessel walls contained many smooth muscle cells and blood flowed abundantly in the capillaries. In contrast, blood vessels in the freeze-injured regions appeared fragile and contained few smooth muscle cells. The capillaries were sparse compared to the control regions, and the blood flow was significantly reduced. The mechanism(s) for the reduced flow rate is not known with certainty. Regardless of the reason, the most important finding is that the injured regions were maintained with only a partial microcirculation. The maintenance of at least a minimal microcirculation to provide oxygen and nutrition is likely to be one of the prerequisite factors necessary for successful tissue engineering.
In the injured regions, the number of smooth muscle cells in the wall of the urinary bladder was greatly reduced, and the SMA-positive cells that were present were not organized into smooth muscle layers. Based on the histological and cytological observations, smooth muscle cell death was predominantly caused by apoptosis, though we cannot exclude the occurrence of necrosis, especially immediately after the freeze-injury. The bladder walls contained numerous large pores that were not present in the control regions of the intact bladder walls. The origin of these pores is not certain, but could be caused by loss of smooth muscle cells that are the principal component of the wall in intact urinary bladders. It is possible that these pores might be helpful for a high rate of implanted cell survival and=or serve as scaffolding for the reconstruction of tissue structures.
The injured urinary bladders significantly upregulated growth factor mRNAs of SPP1, INHBA, GDNF, and TGFB1 compared to the intact urinary bladders. TGFB1 specifically promotes differentiation of smooth muscle cells from bone marrow-derived cells. [20] [21] [22] [23] The others, SPP1, 24,25 INHBA, [26] [27] [28] [29] [30] [31] and GDNF, 32-34 also support differentiation of smooth muscle cells from bone marrow-derived cells. In addition, the inflammation-related cytokine growth factor mRNAs IL-6, IL-11, IL-1A, IL-1B, and IL-18 were upregulated along with angiogenic-associated growth factor mRNAs EREG, CXCL1, 35,36 TDGF1, 37 FGF5, 38 and VEGFA that have the potential to improve microcirculation within the injured regions. While the roles of TFF1, 39,40 CSF3, 41 HGF, and BMP1 are unclear, these growth factors might participate in wound healing. Collectively, these results show that cells of the urinary bladder respond to freeze-injury by enhanced transcription of mRNAs. If translated, expression of these genes could promote growth and development of a suitable physical and biochemical environment. In turn, this environment could promote organization of the developing cells into physiologically functional tissues.
Our results are consistent with our previous study showing that functional smooth muscle layers developed after implantation of bone marrow-derived cells into freeze-injured bladder walls. 18 Tissue engineering is composed of three factors: (i) undifferentiated cells having the potential to differentiate into specific cell types, (ii) scaffolding to support construction of tissue structures, and (iii) growth factors to promote differentiation of various and specific cell types. The bone marrow-derived cells served as the source of undifferentiated cells that develop into smooth muscle cells. 20, [42] [43] [44] [45] In this study, the tissue pores that were present 3 days after injury might have provided scaffolding and spaces suitable for colonization by the implanted bone marrow-derived cells. This would have optimized the chance for a high rate of cell survival and differentiation. Although we have not actually measured the secretion of growth factors by the surviving cells, at least 19 different growth factor mRNAs were increased 3 days after injury. Included in these were growth factor mRNAs for SPP1, INHBA, GDNF, and TGFB1. If they were translated, they could have supported the differentiation 
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of implanted bone marrow-derived cells into smooth muscle cells. Finally, the maintenance of a minimal microcirculation within the injured regions probably supported the implanted bone marrow-derived cells. For all of these reasons, the freeze-injured urinary bladder walls would have been suitable for differentiation and development of the implanted bone marrow-derived cells. It is likely that recovery within the freeze-injured urinary bladders requires participation of the undamaged tissue adjacent to the injured site. In general, the success of implanted undifferentiated cells is likely to depend upon the recovery of host cells at the location of the injury or disease site. In urology, there is a need for regenerative medicine for irreversible or chronic diseases and=or injuries of the urinary bladder due to spinal injury or radiation therapy. For these cases, there may not be any recovery processes in the host tissues. To overcome the problems, it may be a possible to utilize bone marrow-derived cells. These cells not only develop into target tissues but also produce various growth factors associated with recovery in recipient tissues. 46, 47 However, the production of growth factors by the bone marrow-derived cells also depends on the surrounding microenvironment. 48, 49 Therefore, tissue engineering and regenerative medicine will fail unless the diseased or injured systems have the proper microenvironment or unless it can be provided.
Based on investigations, applications, and techniques of tissue engineering, the proper systems might be produced by utilization of scaffolds and=or growth factors. For the recipient tissues that do not have spaces for the implanted cells to survive, in vitro scaffolds made with biomaterials could be used to colonize the implanted cells. For the appropriate cellular differentiation, growth factors delivered by sustainedrelease or other drug delivery systems would be needed.
In conclusion, further understanding of the requirements for undifferentiated cell proliferation and targeted differentiation will be important in tissue engineering. Equally important for the successful application of tissue engineering methods to be clinically useful regenerative medicine, further knowledge of each unique microenvironment within recipient tissues is necessary. 
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